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INTRODUCTION 


For  a variety  oE  reason. J related  to  the  integrity  and  nature 
of  the  scabottom,  it  is  desirables  to  know  thcs  nrair.ture- 
dcnsity  rclationoli  ips  of  marine  sediments.  'J’hi.s  i nformation 
would  be  helpful  isi  determini nj  csnrjinoer i rnj  pnramctc.-rs  for 
construction  and  for  assistance  in  general  marine  re.search. 

A ba.sic  technique  for  in-sitv’  determination  c>f  moJ-cture- 

donsjty  relations  is  to  examine  the  attenuation  in  the 

fluxes  of  two  penetrating  radiations  of  types  A and  B.  The 

most  common  procedure  is  to  use  a neutron  source  and  a gamma 

{>)  ray  source  and  measure  the  relative  attenuation  of  tliesc 

radiations  in  sediments.  Since  neutron  attenuation  is  very 

sensitive  to  water  content  owing  to  tiie  presence  of  hydrogen 

137 

and  because  the  y^^^y  attenuation  for  sources  such  as  Cs 
(.66.M0V)  is  more  sensitive  to  the  higher  atomic  number 
constituents,  the  "f-rays  and  neutrons  can  be  used  to  deter- 
mine density  and  moisture.  By  combining  the  1 -ray  and 
neutron  techniques  one  may  mca.sure  tlie  cf fi  ctivc  denf;ities, 
ps  and  pw,  provided  the  mass  attenuation  coefficients  for 
the  water  and  the  sediment  material  are  known. 


whore : 

ps  = Ms/V 

Ms/V  and 

Mw/V  are  tlie 

soil  and 

water 

pw  = Mw/V 

masses  in 

Volume  V. 

These  techniques,  especially  the  neutron-gamma  technique, 
can  lead  to  very  excellent  determinations  of  water  cont<int 
when  the  mass  attenuation  cliaracteristics  of  the  dry  mat- 
erial are  known  and  largo  neutron  fluxes  arc  available. 
However,  for  the  application  under  discussaon,  the  radiation 
sources  must  be  portable  and  the  measurement  material  may 
either  be  unknown  or  else  f>nly  poorly  charactcrir.od  by  a 
visual  inspection.  Under  the.so  conditions,  fluxot;  are 


reduced  and  prior  calibration  in  the  laboratory  could  render 
less  meaningful  in-citu  data  due  to  the.'  unknovm  character  of 
the  meaKuremont  medium.  The  goal  of  the  prcr.ent  utudy  is  to 
ascertain  to  what  ext6;nt  such  difficulties  may  be  eliminated 
or  circumvented  and  to  ascertain  what  kinds  of  errors  are  to 
be  expected  In  an  act\ial  measurement  system. 

Pro i e c L Pa t io nalo 

To  achieve  this  goal,  it  is  necessary  to  define  and  address 
those  arCciS  of  nuclear  measurement  which  may  effect  system 
performance  and  design.  Once  these  measurement  parameters 
are  defined  and  their  individual  and  collective  effect 
established,  an  evaluation  of  their  effect  on  system  design 
and  measurement  accuracy  must  be  made  to  ascertain  if  a 
practical  device  can  be  developed. 

A search  of  relevant  literature  has  shown,  as  e.xpecLed,  that 

the  principal  limitation  of  standard  (neutron-gam.mo  N--f) 

methods  for  measuring  soil  moisture  content  r , espcciallv 

w 

in  field  applications , lies  in  the  problem  of  obtaining  a 

sufficient  number  of  neutron  counts  N in  the  time  allotted 

c 

for  a measurement.  Because  tlie  standard  deviation  in  tlie 

water  content  o varies  as  1/  y N , tlie  number  of  neutron 
w c 

counts  must  bo  very  large  to  keep  small. 

If  the  neutron  count  rate  is  increased  to  an  acceptable 
level  by  using  a source  such  as  Californium,  there  remains 
the  problem  of  calibration  errors  due  to  thermal  neutron 
absorption.  Tlie  neutron  attenuation  coefficients  u (nw)  and 
II  (ns)  (w  = water,  s = soil)  determine  in  part  the  calibra- 
tion constants  for  the  instrument.  If  species  such  as  Boron 
or  Clilorine  are  present,  as  tliey  often  are  in  marine  sedi- 
ments, thermal  neutrons  will  bo  absorbed  because  of  the 
lii jh  alisorption  cro.ss  section  for  tlie.se  elements. 
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I 

I The  •icci  ptabXo  in-situ  f i-  system  r.)iou]d  not  TiMiuire  ox- 

tcnsivo  test  snmplos  of  S'  iniont  being  retrieved  for  Inb- 
j oratory  measurement  r . Hence,  if  otlier  elements  such  as  P, 

Cl,  etc,  are  present  in  sufficient  quantities,  any  prior 
[ laboratory  calibration  of  the  system  v;ould  Dead  to  error 

when  actual  in-situ  measun nr.ents  arc;  bciiuj  made'. 

The  possiliility  of  "in-situ  rccal ibration " of  an  neutron- 
gamma  type;  device  was  explored.  This  would  involve  a tliird 
process  siich  as  neutron  ae:tivation  analysis  where  r rays 
cmitteml  fi-om  thermal  neutrons  absorbed  on  species  such  as  H, 
Cl,  etc.  are  detected.  From  this  data  it  is  possible,  in 
principle,  to  correct  the  laboratory  calibration  const.ants 
.so  that  they  more  nearly  match  tho.so  in-situ. 


i 

1 7 
1 1 

ii 

fi 


7'o  accompli.sli  this  gcerl  one  would  not  only  reejuirc  a work- 
able in-situ  neutron  activation  analysis  system,  but  be  able 
to  perform  real-time  cal  culatioris . This  would  involve  the 
computatie)n  erf  a ne\7  in-situ  value  for  neutron  attenuation 
coefficients  v.  (ns)  (rc'lative  t.o  the  lal'oratory  cal ibrat ion 
sample.)  using  known  t.hermal  neutron  cross-section  data. 

While  we  do  not  feel  that  the  p^roblem  of  real-time  compu- 
tation of  new  calibration  constants  in  thi.s  manner  poses  tiny 
serious  difficulty,  the  addition  of  such  a sophisticated 
complex  apparatus  does  pose  serious  practical  problems. 


Our  literature  st;arch  has  uncovered  another  approach  that 
overcomes  many  of  the  problems  associated  v7ith  the  nuctron- 
eiarrima  techniques  for  moa.suring  sediment  water  content . ^ ^ ^ ^ 
It  has  been  found  that  y-y  techniques  for  measuring  both 
soil  and  water  bulk  dcnsitie.s  have  been  succe.ssf: ul  ly  applied 
both  in  the  laboratory  and  under  some  field  conditions.  The 
method  employ.s  two  y-rays  with  different  ont'rgies  (typically 
(.6G2MOV)  and  (O.G.MeV). 
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There  are  a nuniljer  of  significant  advantagen  of  tlu'  y-y 
technique  in  comparison  v/ith  the  neuLron-ejamma  technii]uc. 
First,  nnJess  one  has  an  extremely  active  neutron  source 
v.’ith  fluxes  comparable  to  those  available  at  a nuclear 
reactor,  the  neutron-qamma  technic;uos  usually  suffer  from 
poor  counting  statistics.  The  y-y  tochnicjucis  by  comjxirison 
can  liavc  comparatively  superior  counting  statistics.  For 
example,  one  can  have  sources  that  produce  1 to  2 X 10*^ 
counts  in  air  in  times  as  .short  as  one  minute  over  paths  of 
lOcm.  This  means  that  the  y-y  technique's  should  be  superior 
in  this  regard  for  in-situ  field  applications.  Furthermore, 
it  may  be  possible  to  place  the  two  y sources  at  essentially 
the  same  jdiysical  locrtion.  This  reduec.-s  system  calibration 
errors  and  at  the  same  time  has  practical  significance  for 
any  device  that  v;ould  be  packaged  in  a small  space  for  field 
ajiplication.s . The  combining  of  the  two  y-soui  ces  into  a 
single  source  with  its  common  shielding  would  also  reduce 
the  likeliliood  of  source  lo.ss.  Usually  in  neutron-gamma 
devices  the  neutron  source  is  at  a different  location  from, 
the  y source  and  tlie  sliielding  i.s  dilfercnt  for  K and  y. 
Finally  y-y  technic|ucs  unlike  neutron-qamma  tccliniqucs 
cannot  suffer  from  calibration  problems  related  to  the 
absorption  of  thermal  neutrons. 


It  should  be  stressed  that  there  exist  suitable  high-flux 
neutron  sources  such  as  Californium.  For  this  reason,  one 
cannot  disregard  the  neutron-gamma  techniques  for  in-situ 
applicat ions . However,  even  with  the  improved  counting 
statistics  provided  by  high-flux  neutron  sources,  the  fyrob- 
lom  of  thermal  neutron  absorptions  and  subsequent  y -omission 
in  certain  elements  found  in  marine  sediments  would  have  to 
be  overcome  or  shown  to  be  of  no  significance.  Consequently, 
our  approach  has  been  to  eliminate  these  problems  by  ex- 
amining the  alternative  y-y  technique. 
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(1) 


Gardr...,>  ' liar,  per  Lormcd  c'rror  analynir.  on  Lho  n-'utrnu- 

qarana  and  y-y  iochniqncir;  n."  nupliod  to  noi]  rnoioturo  content 

mcani'rrT.it'nt5-. . )!e  has  sho’..’n  to  what  extent  the  v/ater  content 

fi  and  soil  densities  e depen'i  on  count,  rate  errors,  N or 
w s 

qanma  attenuation  coefficients,  column  lieiyht  moasur  nniento 
and  other  relevant  variables.  These  result.s  stronqly  favor 
discarding  ncutron-c!nn.ma  tcchniquc.s  (for  this  ap.pl  icat ion ) 
in  favor  of  v-i  tecfmiqucs. 


As  a jireliminary  example  of  wfiat  can  be  done  with  the 

tcchniciue,  (Gardiier,  ct.al.)  shows  that  for  a count  rate 

6 3 

] 0 , midrange  density  = 1 . 2gm/cm  , v;ater  content 

= .15gm/cm^  (approximately  12%  by  weight)  and  a column 

heiglit  of  10cm,  "the  limiting  precision  in  measurements  of 

veater  content  or  mineral  bulk  density  due  only  to  random 

omission,  is  about  a - .007ijm/cm^.  If  soil  column  thickness 

is  known  to  about  the  nearest  .03  cm  and  mass  attenuation 

coefficients  are  kno’wn  to  four  places  the  combined  variance 
o -4 

(o'^)  is  about  .05  X 10  which  leads  to  a total  standard 

3 

deviation  of  about  o or  o - .0073  qm/cm  of, 

w s 


p w 


15  gm/cm  + .0073  gm/cm' 


and 

3 3 

ps  = 1.2  gm/cm  + .0073  gm/cm 

This  is  an  excellent  result  and  chvaracler  i stic  of  the 
limiting  quality  to  be  cxpicctcd  of  a device  b'.sod  on  y-> 
measurements*.  Further,  this  example  is  for  low  moisture 
content  and  as  the  moisture  content  increases  the  count  rate 
statistics  for  determining  pw  will  improve,  thus  imjiroving 
the  moisture  measurement. 


*lh:ovidcvi  the  nuss  attenuation  coof ff icionls  aj.'o  kna.^m.  Tliis  suljjoct 
will  Ja?  difxojsfied  at  length  later. 


In  t)^G  follov^ing  report  vj  will  examine  in  some  cl'.'tail 
various  aspects  of  the  i-y  technique.  Tt  wil]  (merge  from 
this  that  tli(.’  y-Y  techni'.jue  is  an  accejjtal^lo  meLh''J  of 
determini  nq  sediment  moisture  content.  As  a ccjiisecpaonce  of 
thi.s  finding  it  will  be  recommended  that  furth'.o  development 
proceed  on  th.e  y-y  technique  rather  than  attempting  to  .solve 
problems  associated  with  certain  neutron-gamma  aj)-,.]  ications . 

Definit ions 

Throughout  thi.s  text,  ref('ronce  is  made  to  moisture-  content 
pw  and  dry  density  ps  anil  pso  mass  density.  To  clarify  the 
meaning  of  these  terms,  t!ie  following  definitions  are  pro- 
vided ; 


ps  = 

Ms/V 

pw  = 

Mw/V 

p.SO  = 

speci f 

i r 

gnvi  iy 

of  the 

so 

iid.s  in 

Volume- 

V 

(dejisity 

o'  ind 

ivi 

■vaal 

pa  rti c 

les 

) 

Ms,  Mw  soil  and  w’atcr 
Mass  in  total  Volume  V. 


In  the  above  ps  is  the  common  dry  density,  pso  is  the  common 
.specific  gravity  of  the  sediment  particles.  However,  pw 
moisture  content  differs  from  the  standard  usage  which  is 

V, % - X 100%  VVi  moisture  content,  Mw  weight  (2) 

of  water  in  a given  soil  mass, 

Ms  weight  of  solids  in  the  soil 
mass 

Another  measure  i s W = - — X 100.  This  will  also  be 

Mw  + MS 

used  in  this  report. 


Throughout  this  text  we  will  refer  to  moisture  content  as 
mass  of  v.'atcr  in  a voIuitk.’  unless  otherwise  indicated. 


Further,  if  raoiyturo  cJunuity  rolat  ionr.hij  n arc*  cL-Cinc-J  an: 


ps  = Mk/V 
pw  = Mw/V 

and  if  the  sodiinont  in  saturated  (no  void  space  v.’it!i  air) 
then,  the  volume  V is  oiven  by  the  sum  of  the  sediment 
volume  Vs  and  the  volume  (Vv;)  of  the  water  filling  the 
spaces  between  the  particles 

V = Vs  + Vw 

The  individual  particles  are  assumed  to  have  a mass  density 
(specific  gravity)  pso  = Ils/Vs  and  water  has  a density  pwo  = 

3 

Kv,’/Vv;  = 1 gm/cm  . 

It  follows  from  these  definitions  that  ps  and  pw  are  ox- 
presriblo  as 


Ms  ^ Mw 
pso  pwo 


pw  = 


Mil  + 


1 I 


Dividing  both  the  numerator  and  the  denominator  of  the  ex- 
pression for  ps  by  V and  simplifying  terms,  one  can  express 
the  particle  density  pso  as 


pso  - 


(1-pw/pwo) 


Wg  v/i  M ui.t'  this  fact  later  to  test  the  accuracy  of  our  cg, 
pw  dotermi  natiotiG  by  computing  pso  and  comparing  it  v/ith  a 
known  iuj^ut  pso.  Tor  laoasurcrientG  in  saturated  r-ediments 
this  becomoG  a useful  tool  for  checking  calibration  of  the* 
system  or  by  providing  rough  calibration  in  the  cibscnco  of  a 
£s  amp  1 o . 


To  provide  techniques  and  equipment  for  measuring  in-si tu 
moisture  content  in  marine  sediments  using  nuclear  tech- 
niques require.?  comjilcte  definition  and  analysis  of  the 
measurement  environment,  the  ultimate  capabilities  of  the 
nuclear  technique,  cquip>ment  design  and  field  implementa- 
tion. The  following  s-.'ctions  will  oy.ainiito  the  nuclear 
measurement  problem  and  e.stablish  tlie  individual  and  overall 
effects  of  each  element  affecting  the  measurement  problem. 
From  this  analysis  the  dominating  detrimental  effects  v/ill 
be  further  analyzed  and  either  eliminated  or  reduced  to  a 
minimum.  Once  this  has  been  accomplished  a preliminary 
‘system  conf igviration  w'ill  be  presented  wiiich  will  take 
advantage  of  the  foregoing  analyses.  I'o  attempt  will  Li, 
made  in  this  program  to  define  system  packaging  or  field 
implemen tat i on . 


TLCllNIC/vL  DISCUSr.lON 


In  the  following  dincuasion  those  pairametors  wliich  have  an 
effect  in  determining  sediment  density  and  water  content;  arc 
presented.  Each  parameter  is  identified  and  its  relative 
importance  to  the  total  inearurc'ment  i:'roblcm  is  defined.  h 
mcasuLcment  scheme  and  system  v;ill  be  postulated  and  the 
theoretical  performance  will  he  established. 

Conf  jourat ions 

Figure  la  and  lb  illustrate  two  basic  geometric  arrangements 
for  m.casuring  the  a -ray  flux  scattered  and  transmitted 
through  a medium. 

Because  Y-rnys  are  preferentially  scattered  in  the  forward 
direction,  the  count  received  in  a through-transmission 
arrangement  as  illustrated  in  Figure  lb  will  bo  greater  tliaa 
for  scatte’-ing  through  an  angle  as  illnstratied  in  Figure  la. 

Any  practical  system  based  on  the  design  of  Figure  lii  would 
clearly  suffer  from  reduced  Y-count.  rates  and  the  associated 
statistical  errors.  Conversely  a system  based  on  the  design 
of  Figure  lb  would  provide  the  optimum  y-J^^V  counting. 
Provided  the  distance  X is  so  chosen  that  an  "undistvirbed" 
sample  of  the  medium  is  being  considered,  tlio  design  of 
Figure  lb  i s clearly  the  most  desirable  one.  Before  dis- 
cussing how  this  might  be  experimentally  realized,  certain 
quantitative  features  of  the  two  types  of  designs  will  bo 
considered. 

Double  Vnl ued  v-Count s 

If  a configuration  of  the  typo  shown  in  Figure  la  is  cliosen 
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Y-rays  from  a source  such  as  Cs  (.b6MoV)  will  sliow  maximum 
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count;;  for  certain  sourco--det ectoi  npac'ncjn  and  certain  Tp.ass 
clensition.  Tlio  curve  of  Ficjuro  2 illustrates  tlie  tyi-e  of 
data  expected. 

In  general  as  the  energy  (E^)  of  the  'i  increases  for  a given 
spacing  the  curves  and  their  maximum  values  shift  to  tlie 
right  (greater  density)  and  up  (greater  count  rates)  . 
Conversely  for  a lov;  energy  Y-sourco  at  fixed  source  de- 
tector spacing,  the  maxirium  shifts  to  the  left  (lover  den- 
sity) and  down  (lov.'cr  count  rate).  Further,  the  niaximum 
y-count  drops  and  sliifts  to  lower  densities  as  the  separa- 
tion increases  as  shown  in  Figure  3. 

Thus,  for  a given  y -source  energy  and  a given  range  of 
densities  a spacing  d is  automatically  specified  if  maximum 
count  rates  are  desired  in  a "bacV.scatter " ar  rcangcment , 
Figure  la. 

In  a double  y backscatter  technique  two  y-rays  one  of  low 
energy  and  the  otlvo;  a higher  energy  v.'ould  bo  used.  Since 
both  ' s v;ill  see  the  same  mass  density  tlicy  will  neces- 
sarily have  to  be  set  at  different  sourcc-dctccLor  spacings 
to  achieve  maximum  counts  at  the  same  density.  If  tlie  high 
energy  source  is  spaced  at  one  unit  to  give  a maximum  count 
at  some  density  ps,  the  low  energy  source  will  liavc  to  be 
spaced  at  d. 

A large  d will  bo  required  for  the  higli  energy  source  and  a 
smaller  one  for  the  low  energy  source  to  have  maximum  count 
rates  at  the  same  density.  Following,  K.  Lin,  ct.al.^^^  we 
note  that  the  relation  between  p and  d is  given  by: 


p X d = N/w  with  N = 1.28 
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w)iero  w in  the  r'ann  attenuation  roof  C ie i «'i:  L cl'iaractci  i ".tie 
of  the  pcirticuJaj  y-ray  energy.  'J'Jiur,  for  Lv/o  y-iays  of 
energy  Ll  and  V.2 


cil/d2  = 


li2 

wl 


(8) 
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and  for  Cn  , yl  = .07  6 tind  for  Am  , ij2  - .29  where  1. 1, 

Vi2  are  the  mass  attenuation  coefficients  of  the  average 
igneous  rocks  (this  is  also  simil^^r  to  red  clay  sediment). 

Then 

dl/d2  .29/.07C  ^ = 4 (9) 

3 

if  a density  of  pm  ••  2.3  gm/cm  is  to  bo  investigated,  then 


then 


dl 


n.28)  1_. 

(.OOi.)'  ^2.3^ 


21G 

2.3 


7.3cm 


dl/d2  4 

d2  dl/4  = 7.3/4  " 1.8cm 


(10) 


(11  ) 


Those  are  rather  small  distances  especially  d2  and  would 
pose  serious  practical  limitatic'ns  on  tl\e  double  y tcclinique 
if  one  insists  on  a "back  .scatteiing"  arrangement  similar  to 
the  I’igure  la  arrangement. 

3 

For  a lower  density  pm  near  1.5  gm/cm  these  numbers  become 
» 11.2cm  and  2.V5cm  respectively . Kpacings  of  7-12cni  for 
the  Cs  ' source  is  acceptable  for  most  pract  Leal  designs 
but  a spacing  of  roughly  one  incli  for  d2  is  impractical. 
Thus,  if  a confi guration  of  the  typo  illustrated  in  Figure 
la  wore  cho:  on  the  dual  y technitjuc  would  not  seem  to  be  of 
practical  value  owing  to  the  difficulties  encountered  in 
trying  to  achieve  maximum  counts  for  tlio  low  energy  y-ray. 
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A clc.'f:irjn  of  the  type  indiciitcd  in  Figuri'  lb  is  quite  dif- 
ferent. As  shown  in  Die  folJ  ov/i  ng , acceptable  cn,>unt.  rates 

can  be  expected  over  paths  as  long  as  10cm  for  both  Am 
1 37 

y's  and  Cs  i ' . This  fact  suggests  the  design  of  a 

through-transniission  type  of  gauge. 

Source  Stren g th  a nd  Logging  Speed 

For  any  given  fixed  exf-'erimeiita  1 arrangement  and  fixed 
niatc-rial  comnoci tion  the  relative  strenglli  of  the  source 
will  determine  the  count  rate  to  bo  expected.  Thus,  to 
minimize  count  rate  errors,  a source  of  the  maximum  strength 
possibly  compatible  v;ith  health  physics  requirements,  prac- 
tical design  considerations,  etc.  should  be  used.  Certain 

24  1 

sources  such  as.fim  are  "self  shielding"  owing  to  their 

large  atomic  number  and  low  energy  y • Tin  a consequence  of 
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this  the  source  strength  of  sources  suc'i  as  /\m  is  limited 
to  about  300  millicuries  for  "point"  sources.  Limitations 
on  the  Cs  '*  source  are  less  stringent,  however  one  cannot 
have  sources  whose  strength  exceeds  health  physics  require- 
ments. Even  with  tliese  limitations  these  two  sources 
(Am^^^  and  of  all  the  many  possible  y tiers  are 

considered  to  bo  the  most  practical  for  such  applications ^ 

137 

A 300  millicuric  Cs  source  is  also  a reasonable  source 

strength  for  the  applications  we  are  discussing  here.  With 

source  strengths  of  300  millicuries  and  a column  lieight  of 

10cm  (characteristic  of  the  final  design)  one  can  expect, 

counts  in  air  of  roughly  10^/m,inute  at  a typical  detcc- 
(1  2) 

tor  ' . This  will  be  showai  in  Die  following  report  to 

yield  acceptable  counting  errors  for  a wide  range  of  water 
contents  and  sediment  types. 

The  logging  speed  of  any  y-ray  based  sediment  moisture  den- 
sity logging  device  will  depend  on  the  foregoing  count 
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1'ut.t'S . 7in  cx<ict  quantitative  cstirnat<  of  the  expected  rat<’E 
will  depend  on  scvt-ral  variables  incl'ulinq  tlie  type  of 
Rcdiir.opt,  i.c.,  the  miss  at  tc-nuat  ion  coefficients  of  t lie 
sediment  and  the  amount  of  water  in  the  sc'dirnGnt  . Typically 
it  v.’ill  happen  tliat  counts  of  rouqhly  1 minute  must  be  taken 
at  each  loc.ition  that  a samp!  incj  is  desired.  Dcpcndirci  on 
the  "resolution"  this  limitation  will  determine  the  lonqint; 
speed.  If  a one  foot  "resolution"  is  acceptable  a loqcjinq 
speed  of  1 ft/minuto  is  possible.  it  is  probably  meue 
meaningful  to  take  measurements  while  the  p'robe  is  at  rest 
so  that  one  would  obtain  more  accurate  measurem.ents  at  a 
qiven  point.  This  procedure  wiJl  not  affect  the  average 
logging  speed  since  tlie  average  speed  is  still  1 ft/minute, 
if  samples  are  taken  at  1 ft  intervals  and  counts  of  1 
minute . 


Logging  speeds  can  be  increased  if  greater  count  rate 
errors  are  acceptable  and  perlinps  this  will  be  desirable 
where  a rapid  reconnaissance  is  desired. 

Calibration  and  .Mass  Attenuation  Coefficients 


A problem  area  that  will  represent  a largo  part  of  the 
present  study  is  the  pioblcm  of  calibrating  tlie  device. 
Essentially  a device  is  "calibrated"*  if  the  mass  attenu- 
ation coefficients  of  the  sample  arc  known.  Given  this 
information  an  accurate  measure  of  water  content  and  soil 
densities  from  y-ray  counts  can  bo  obtained. 


*Vk:  are  assuming  of  course  that  tl»o  instilment  is  already  cal ilarateil  aa 
that  we  can  get  tlie  conc'ct  number  of  oount.s.  The  "caJibratio.i"  above 
is  referring  to  tlie  more  diffiailt  problim  of  working  in  an  unknown 
mcKlium. 
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Uiifol  t uiiat  i.' 1 y cl  dovice  calibratOfi  in  biiu  JaLoratory  raiuiot 
be  considered  to  bo  proporiy  calibrated  whc'ii  placc-d  in  an 
iinKn' 'wn  r.cdii.u'nt.  nia  tor  i al  . 7’hi.s  ciluation  represont:n  por- 
hcTps  the  single  greatest  difficulty  in  applying  tlie  y-y 
techniques  to  the  problem  of  dotermining  the  si'diinent  water 
cont  L'nt . 

In  the  next  section  ca  brief  comparison  of  the  expected 
counting  statistics  errors  and  the  errors  duo  to  calibration 
are  preaontfd.  Data  for  tins  comparison  is  taken  from  the 
body  of  tlie  r^-port  and  the  rcad'-r  is  referred  there  for  a 
full  understanding  of  the  content  of  the  tables  ref  or-.  Ticcd 
in  t Vie  next  section. 

Co'";iar'son  of  Calibration  V^rrors  and  Counting  Errors 

An  examination  of  data  in  Table  VIIT  and  Table  V gives  an 
cstimri'e  of  the  relative  significance  of  couiiting  errors  and 
calibration  (.Trors  v/it,hin  the  sediment  group  called  Red 
(’lay.  Red  Clay  is  a comn;on  deep  vaitcr  sediment  type.  The 
mciin  results  of  the  present  discussion  are  essentially  in- 
dependent of  .sediment  types.  The  largest  differences  for  ps 
and  pw  in  Table  V from  the  input  ps  and  pw  values  were  {V! 

- p— > ^0^  assumed): 

Mw  t Mg 

Aps  ==  +.15  grn/cm^ 

3 

Apw  = -.229  gm/cm 

These  differences  occured  for  Red  Clay  C at  W = 401  water 
content  (scaturated)  and  represent  the  worst  case  situation 
for  this  data  for  saturated  uticoinpacted  sediment.  By  com- 
parison the  data  of  Table  VIII  for  Red  Clay  show  that  t.Vie 
worst  case  standard  deviations  also  occur  when  W - 40?>  water 


(12) 
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cci. ; out . 


Thc!  vcilur,':.  from  Talilo  Vlll  aro: 


3 

or;  = .0036  cjiVcm  (13) 

i)W  - ,006R  <;in/cm^ 

Tho  standard  deviations  due  to  countinq  ) 's  are  cKuarly 
alinost  2 orders  of  inaejni  tude  less  than  t);c  Af.s,  Apw  due  to 
"calibration  errors"  for  the  bed  Clay  sc-diinent  t.y[)e.  This 
differc'nce  would  be  reduced  somew'aat  the  input  particle 
densities  vK're  hiyher,  but  tlie  errors  due  to  caliljration  in 
Red  Clay  v.'ill  always  be  considerably  cjreatcr  Lh.an  count  rate 
errors.  In  general,  calibration  errors  v/ili  always  be 
gro.atcr  than  counting  errors  for  tho  typos  of  geoiictries, 
sources  and  sedlfr^ents  being  considered.  For  the  purposes  of 
estimating  system  error,  counting  errors  relative  to  cali- 
bration errors  can  usually  be  ignored. 

In  the  foregoing  example  the  calibration  errors  can  be  used 
to  estimate  the  resultant  errors  i75  water  cojjto.nt  W or  V' ' as 
defined  arl  ier  in  the  text.  The  definition  of  ' is 

W = ~ X 100  (14) 

MS 


GO  that 


W - — X 100 
ps 


thus,  for  the.  example  thc  estimated  W will  be 


W A 


._734 
■ 61'1' 


X 100 


120?. 


compare  this  with  the  Itnown  W 


W 


. 503 
.758 


X 100 


66.6?. 


(15) 


(16) 


(17) 
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the  di  f ; t.'rcncc'  in  these  osti:nates  is 


v;'  - W'A  AW  = f.G.Gl  - I20". . 

Thus,  the  estimate  for  v;  ’ is  very  hi(jh  due  to  caliLi'di  ion 
errors.  At  a water  content  W = 90  o or  V.”  = 2C0  6 tliis  dif- 
ference reduces  to 

W - ViV.  » AW  ^ (100)  - MOO) 

AW  = 9G'6  - 113‘6 

Again  the  estimate  for  W is  high  but  much  closer  to  the 
known  W value. 

These  results  indicate  tiiat  unless  calibration  errors  can  be 
significantly  reduced,  error  in  W vnill  be  considerable 
unles.s  water  cont.ents  nra  considerably  riore  than  the  normal 
saturated  condition.  This  means  that  a tecdinicjuo  requiring 
greater  accuracy  w’ill  neces.sarily  require  that  a sam.ple  of 
some  sort  be  taken.  This  procedure  will  be  discussed  in 
more  detail  later. 

Our  estimate  of  this  situation  is  basically  sound  since  only 
those  calibration  f'rrors  produced  by  differences  wi  th i n a 
given  sediment  group  \>;ere  considered  above.  Those  differ- 
ences are  certainly  smaller  on  the  average  than  tlic  largo 
differences  botv/C'  n an  entirely  unknown  medium  and  a sedi- 
ment typo  for  whicli  the  instrumicnt  is  known  to  be  cali- 
brated . 

The  typ'  of  sample  required  to  solve  this  calibration  prob- 
lem will  not  be  an  in-si tu  sample  but  rather  it  can  be  a 
"grab"  sample  from  the  sediment  surface.  This  sample  will 
bo  examined  liit(?r  to  determine  the  piass-atteiuit ic^n  coeffi- 
cients. 


(18) 
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The  qrah  sample  analysis  dc'ccribcj  above  would  consist  of 
drying,  compaction  of  sample  in  knov/n  volume  (and  measure- 
ment of  count  rate  for  1 minute).  Aft.er  drying  ttio  samj'le, 
the  test  for  calibration  v;ould  require;  about  j minutes  to 
complete.  Once  this  has  been  done  the  7-ray  data  taken 
during  the  actual  probe  measurement  can  be  analyr.ed  to 
determ.ine  the  absolute  , s and  pw.  It  should  be  stresseii 
however,  tliat  a rough  estim.ate  of  the  mass  attenuation 
coefficients  at  the  time  the  v-ray  measurements  are  taken 
can  provide  rela*-iva  v/ater  content  information  on  th.c  pro- 
file under  study.  This  could  be  very  useful  for  engineering 
reconnaicsancc  purposes.  hater  when  the  grab  sample  has 
bc*cn  analyzed  absol  ute  ps  and  pv;  values  can  be  supplied  for 
tlie  sedimiont  profile.  Tlius,  part  of  the  present  study  v;il3 
bo  devoted  to  finding  techniques  that  allow  one  t)  obtain  a 
useful  estimate  of  the  calibration  constants  by  knov.’ing  only' 
rudimentary  information  r.egarding  the  sediment. 

Other  Ff foots 


In  any  sy'stem.  of  this  type  several  otner  parameters  c.xist 
which  v;ill  affect  actual  system  design  and  implementation. 
These  include  electronic  design,  mechanical  design,  im- 
placemcnt  and  retrieval  sub-systems,  other  engineering 
design  considerations  and  count  rate  detectors.  Witli  the 
exception  of  count  rate  detectors  (scintillators)  these 
other  considerations  are  beyond  the  scope  of  this  study. 

A review  of  detector  design  theory  and  efficiency  and  a 
literature  search  of  commercially  available  detectors  ^ ^ 
show  that  suitable  detectors  ran  be  provided  for  tliis  sys- 
tem. None  of  these  could  be  off-the-shelf  detectors  since 
m.odif ication  of  the  geometric  configuration  w’ould  bo  re- 
quired. However,  those  modifications  should  bo  easy  to 
imp lemon a. 
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Consid'-T i.ng  tl'.e  nbovo  syr.tem  pnrami'tci::;  (qavon  in  cjroator 
detai]  in  tlic  main  tr-xt  ) and  addrcr.ning  thorso  nrean  which 
wiH  adversely  eftoct  the  .'■■ynteni,  it  can  be  coric]  tided  ilmt  a 
tlironqli-i  rannminsion  t>’chni  que  slionld  l.'t.'  used. 

The  conf iejnrution  of  this  basic  device  is  similar  to  devices 
in  coirmon  use  for  obtaining  sediment  and  moisture  densities. 
Pusli  type-  tub'-  samples  could  ho  modified  to  adapt  to  a 
through-t ransrrission  ('“pleasuring  system.  A basic  design  of 
tl.is  tyjJC’  (see  Figure  4)  has  few  of  tiie  space  lim.itat ion 
disadvantages  of  the  hackscatter  techniques  and  viould  have 
very  high  count  rates  in  comparison  to  such  techniques.  It 
will  be  show’n  that  if  a design  of  this  type  is  used  c'lnd 
calibration  errors  arc  reduced  to  a minim-im  by  a Eamplc, 
count  rate  errors  wii  1 b-c  the  most  significant  error  in 
determining  moisture  density  values.  .Since  counting  errors 
will  bo.  found  to  be  very  small,  G>:ce.llcnt  values  for  sedi- 
iiicnt  density  and  moisture  content  can  be  oqtect'.d. 

Altliough  this  conf igur'ation  v;ould  involve  a cylindrical 
housing  for  electronic  gear  and  sliielding,  a long  barrel  and 
good  cutting  edge  located  v;ell  below  the  meaKuroment  area 
would  provide  measurements  in  a relatively  undisturbed 
state.  Further,  with  proper  design  the  device  could  be  used 
to  depths  of  30  feet  or  until  penctr.ation  resistance  would 
not  permit  the  use  of  push  type  samplers. 

It  has  also  been  shown  that  by  using  this  geometry,  satis- 
factory logging  speed  using  reasonable  source  sixes  and 
commercial  detectors  (witli  redesigned  geometry)  can  be 
obtained . 
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Therefore,  Lho  major  area  of  concern  in  MiIh  type  of  aystom 
will  be  the  cal  Deration  of  tlio  device  to  obtain  high  ac- 
curacy measurenentp . As  menl.ioned  earlier,  to  obtain  the 
needed  calibration  a grab  sample  v/ould  be  rc'quircd  to 
doterniine  the  mass  attenuation  coef f ici<;nts  of  the  sedi- 
ments. It  may  also  be  possible  to  secure  a sample  by  using 
a "sand  catcher”  assembly  on  the  bottom  of  the  probe.  Vhi:; 
sample  v;ould  be  taken  at  the  depth  of  the  last  measurement 
taken . 


The  following  sections  will  be  devoted  to  a complete  anal- 
ysis of  the  problem  of  calibration  of  the  y-y  system  in  a 
through-transm’’  ssion  configuration. 


i 

i 

t 

I 

(I 
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TIIK  Y-7  TI-OINIOUK 


At  tenuati  on  Cck^ f f icionts  in  M 

A jirolimiiuiry  study  of  the  feasibility  of  enployinq  y-y 
tecliniqnes  for  the  doterini  nation  of  sodiment  mans  density 
and  water  content  of  sediment  mixtures  has  been  conducted. 

To  accor-.plinh  tiiin  a computer  proqram  was  dcvclojicd  for 
calculatinq  mass  attenuation  coefficients  for  y-rays  in 
various  i.iixtures.  Given  the  experimentally  determined  mass 
attenuation  coefficients  for  a tabie  of  elements  v;ith  vary- 
inq  atomic  numbers  8 at  two  y-ray  cncrqies,  i.e.,  ijx(1)  and 
\i7.(2)  and  given  the  chc'mical  composition  of  any  mixture  of 
compounds  composed  of  these  elements,  one  can  compute  the 
Vi's  for  the  mixture  at  these  two  cnerqics.  That  is,  the  ’,i 
values  for  a sediment  mixture  are  given  by 

N 

ijS  = u sediment  (E)  =7  . vi  (E)  . W (20) 

C=1  ^ ^ 


whore  E is  the  gamma  ray  energy,  C is  the  index  of  each 
compound  and  is  the  wciglit  fraction  of  the  total  mixture 
this  compound  represents.  The  for  each  compound  arc 

determined  by  a similar  formula  using  experimental  cLata  on 
individual  elements  that  make  up  each  compound  together  with 
tlie  known  atomic  and  molecular  weights. 


Given  the  mass  attenuation  valuc.s  for  the  sediment  us  and 
the  water  viw  one  can  compute  relative  count  rates 


/T/T  \ P (DlX 

(I/I  ) Yi  = o s s w w = Nyj 


(21) 
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1 


wlicro  1 is  .ivai  1 able  counts  troir.  a qivon  r r-ource 
o 

and  1 is  the  measured  counts  for  tho  attenuator 
Y rays 

v.’liere  p,,  are  given  input  sediii.ent  and  wat>‘r  mass 

dcTir.it  ics  respectively,  i.e.,  p^^  = Here 

X is  the  given  column  height,  Ms,  Mv;  are  res}.c?c  t i vely  tlie 
masses  of  sediment  and  water  in  a total  volume  V. 

Taking  the  logorithm  of  both  sides  of  tliese  etiuations  and 
solving  simultaneously , one  can  also  compute  ps,  pw  givc-n 
the  y ' s and  the  relative  counts,  h comraiter  ])rogram  has 
lieen  developed  to  do  both  kinds  of  calc\ilations . VJith  this 
capability  it  is  possible  to  study  tlie  y~y  technique  from 
several  different  points  of  view. 

First  the  problem  of  calibration  errors  can  I'e  studied. 

Those  are  errors  that  could  res’.jlt  because  the  instrument  is 
"calibrated"  in  material  A and  measurements  (y-C'^Junls)  cti.e 
i.riken  in  a different  unknov.n  ruateric'il  F.  If  1.1k'  Y“Coantr. 
taken  in  B arc  analyzed  and  ps,  pw  are  calculated,  assumJng 
incorrect  mass  attenuation  coefficients  characteristic  of 
medium,  h,  tlicn  obviously  there  will  he  errors  in  ps,  pw  due 
to  this  incorrect  assum[>tion.  Problems  of  this  type  can  bo 
studied  by  firr.t  computing  the  relative  counts  that 

would  bo  produced  in  medium  B (treating  it  as  known)  given 
reason  (tie  ps,  pw  valutas  as  inputs  and  a typical  column 
height,  say  lOcm.  Using  these  counts  a.s  inputs,  and  the 
mass  attenuation  coefficients  from  .Mixture  A the  problem  can 
be  turned  around  and  ps,  pw  calculated.  The  calculated  p.s, 
pw  will  be  different  from  the  original  input  val\ies  for 
these  parameters  owing  to  the  differences  between  Medium  A 
and  Mcjdium  B.  In  this  way  the  errors  that  would  result  by 
assuming  the  p's  for  the  unknown  me.isuroment  medium  can  be 
studied . 


( 

i 
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A jount-rato  erior  analynis  has  also  boon  written  into  the 
program  so  that  it  is  possible  to  study  count  rate  errors 
for  various  mixtures  with  varying  water  contents.  In  this 
way  one  can  compare  the  previous  errors  due  to  calibration 
and  those  du*  to  counting  Jitatistics.  A decision  can  then 
)>e  made  as  to  tlie  relative  importance  of  these  errors  and 
under  what  conditions  one  or  the  other  of  these  source.s  of 
error  dominates. 


Sh'A- BOTTOM  SKOIKB.VI'  TYl’LT.  AND  BASIC  ASSUMPTl Ofi.S 


Sc'cl  imt.  nt  JT^^ies 

Before;  proceovliny  with  the  result'j  of  the  anal  ysis,  fioveraL 
bar.ic  simtiLifyirg  ar>3uirpt  i on5  that-  were  made  r.hould  be 
clarified.  First,  after  consultine;  Sverdrup,  ct.a].'^^  it 
becomes  clear  tliat  der'i*  water  or  pelagic  sea  bottoia  sedi- 
ments tend  to  fall  into  three  broad  categories,  nc'umdy; 
red  clays,  globigerina  oozes  or  sil  icious  ooze.s.  Further- 
more these  thj eo  sediment  types  tend  to  hive  rather  narrowly 
defined  chemical  compositions  which  moreover  are  cjuite 
different  for  the  three  sediment  types.  Red  clay  is  a 
material  having  a chemical  composition  very  similar  to  the 
average  igneous  rocks  of  terrestricil  origin.  Globigerina 
oozes  are  almost  pure  CA  CO^  and  silicious  oor.os  arc  a 
mixture  of  silica  (Si02)  plus  water  of  hydration.  In  our 
analyses  it  ha.s  been  assumed  that  the  pelagic  sediments  that 
will  typically  be  encountered  fall  into  one  of  thcsi  thi-ee 
basic  categories.  Terrigenous  or  near  shore  sediments  can 
bo  more  varied  but  these  are  often  directly  derived  from 
terrestrial  rocks  and  have  compositions  near  those  of  red 
clay.  Owing  to  the  variability  however,  no  such  limits  will 
be  placed  on  the  terrigenous  deposits. 


Compr.ted  Ma  s.s  At  tonu^^.ion  Coof  f icients 


In  the  following  are  listed  the  computed  r.viss  attenuation 
coefficients  of  various  mixtures.  These  p values  are  cal- 
culated for  two  Y-ray  energies  namely  .OCMcV  and  .fiGMeV. 

241 

These  energies  corrcs{X)nd  to  the  Y~tays  omittc'd  from  Am 
137 

and  Cs  respectively.  These  two  sources  represent 

the  most  practical  choice  from  a?iong  many  possible  sources 

(2 ) 

of  Y'tay.s.  (see  Gardner,  et.al. 
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Ill  Tabli;  I iTiatc-rinlH  fornmonly  rncotintcr.'J  in  .‘^>'-'a  N.i.Lon 
si'fUinoiits  togotlicr  wil.h  a variety  of  otlu-r  materials  are 
listed.  The  clirmical  coriposition  of  thcfso  mat 't  i al  s is 
indicated  in  Table  II  a and  b. 

It  should  be  noted  that  these  theoretical  calculations 
(Table  1)  are  in  excellent  ayreement  uith  experimental 
values  when  the.se  are  V.nown.  The  theoroticcil  valu-  s for 
water,  concrete  and  air  for  example,  arc  in  excellent 
agreement  v/i  th  the  experimental  valuer,  for  these  materials. 
I-'or  thi.s  reason  one  can  be  confident  that  the  computed  mass 
attenuatiern  coefficients  for  mixtures  of  arbitrary  chemical 
composition  are  very  close  to  those  values  that  would  ac- 
tually be  measured  experimentally. 

Tabulated  -ray  ma.ss  attenuation  coefficients  for  a variety 
of  sediments  together  with  the  general  equations  governing 
Y-ray  attenuation  make  possible  a wide  variety  of  computer 
"exper ir.ents " that  yield  reasonably  realistic  results. 
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TAHLK  T 

CALCULATED  >-RAY  MASE  ATTEL’U7/rT0t!  COEFFTCT  EUTS  (cni^/<jn’.) 
FOR  VARIOUS  SEDIKFWTS,  MINFIL'.LS  AND  SUUSTANCFS 


f I 

1 i 


CO:-U'OJITION 

U]  at  .00  f-ieV 

i!^  at  .(><'  ii'V 

Water  (H^O) 

(.19634) 

(.085038) 

Rod  Clay-  (Trdrle  T la  ,and  TV) 

.29784 

.076536 

Red  Clay  (C)  {Table  W) 

.27378 

.076253 

Red  Clay  (R)  (Table  I\’) 

.29311 

.076416 

Globlgorina  Doze  (Table  TTa) 

.3461  8 

.076231 

S.and  (Si02) 

.23048 

.076320 

Silicious  Oaze  (Table  ITn) 

.22809 

.07693 

/Avg.  Igneous  Riock  (T.ablo  TIr.) 

• .29196 

.075832 

Concrete  (Talde  Ilb) 

.27011 

.076174 

Linestrers  (Cc'jC03) 

.34  567 

.076628 

Microcliivr  (17dRi20S) 

.26621 

.075852 

Air  (Table  lib) 

.17519 

.076736 

*'lhis  Red  Clay  is  th*^  r>l  saii^^le  averaqvj  of  Cbn-eiis  t.ik<'n 
fran  Swrrinip,  et.al/' 

See  Table  lla  for  ccT.i{X)sitions. 


-28- 


L 


TAIiLH  jla 

CllI’MJ  CAI.  COMl’OSJTION'S  OK  TMENTS 


G1>TP(U03 

(t  m irj  MiX'n.W::) 

Rll)  CI-AY* 

CaXjBIGiTRTfiY 

aJZF 

SILlf'IO'JB 

ax-.L: 

ir:;L  ".io  l ao-c” 

Si02 

57.32 

0.47 

93.0 

60.84 

"■2“  3 

15.94 

0.78 

0 

1;3.34 

8.65 

0 

0 

3.03 

1.08 

0 

0 

FoO 

.84 

0 

0 

3.80 

r-i.jO 

3.31 

0.130 

0 

3.49 

c^o 

1.96 

53.82 

0 

00 

0 

K,0 

1 

2.85 

0 

0 

3.13 

!'Jr\^0 

2.05 

0 

0 

3.84 

CuO 

0.24 

0 

0 

0.15 

PbO 

0.008 

0 

0 

0.00:. 

CO^ 

42.37 

0 

0 

°'4 

0.72 

0 

0 

„,0 

7.04 

0 

7.0 

1.15 

♦FeO 


t 


Sr*e 


S\'fr<lnTi:' , 


coiitiLnc'Ci  (rr>t  narmctic) 

.a] . 
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COUNT  KATKS  ANO  CNUTKCNT  TV PE 
(VARYING  W?.Ti:P.  CON”i'L'.N’I' ) 


Usinq  tbf  Uasit'  nttcnnation  Equation  21,  and  the  fomp'at.cd 
masr.  attenuation  cocf f icic-ntn  (’.I's)  tor  the;  tlir<’o  inont 
commonly  oncounterfd  soa  bottom  r.edinonts  (red  clTy,  qlrdii- 
orina  0020,  ciliciour.  002c),  the  relative  count  r iter:  ^or 
tlu'Be  three  scvliment  types  at  any  v/alcr  content  can  he 
doterniincd.  To  do  tills  an  assumption  eboui  the  pari  icle 
densities  of  the  three  sediment  materials  must  be  made.  As 
indicated  earlier  for  paiq'oscs  of  calculation,  we  ae.sune 
these  to  bo  tlie  same  and  of  the  order  of  1 . T qm/cni^ . Otlier 

choices  for  this  pso  value  will  not  affect  our  conclusions. 

3 

Thus,  the  density  of  quartz  sand  (2.5  gn/cm' ) could  be  used 
without  chanqinq  our  basic  conclusion.  Reasonable-  ,.s  and 
pw  values  can  nov/  be  computed  by  solving  Eejuation  21  for  ps 
and  pw  usinq  as  injuits  pso  tocjc;ther  with  the  w values  in  the 
relative  count  calculation,  see  Eejuation  22. 

VJhen  the  rclalive  v counts,  i.e.,  Ny ; and  Ny;.  for  each  of 
the  tv.’o  energies  under  consideration  are  calculated,  it  is 
discovered  that  this  data  is  very  diagnostic  of  the  type  of 
material  in  which  the  measurement  is  being  made. 


In  Fifjuro  13  the  relative  yi  counts  are  plotted  against  i:ho 
relative  y2  counts  for  tlie  throe  sediment  types:  rod  clay, 
globigorina  ooze  and  silicious  ooze  for  water  contents  W 
rangino  from  0 through  100%  by  weight. 


It  should  be  noted  first  that  when  the  sediments  are  lOOi. 
water,  the  curves  inter.sect  as  o.xpected  at  the  yj,Y2  rela- 


tive counts  oharactcj istic  of  water.  Hcnco  when  the  sedi- 

I 

ments  arc  highly  saturated,  the  relative  counts  for  yi  And  7 


# 


t 


I 

I 


I 

I 


whicli  mi‘nr>urc.'rr.''*nts  are  mr.dc.  Note  liowcver  the  iui-- 

portant  fact  that  an  Lh.o  sediment:  water-content  diminishes 
(this  would  be  characteristic  of  deeper,  le.s.s  dispersed 
sediment  layers)  the  differences  in  relative  counts  for  yi 
for  tin;  three  materials  diverge  eons idorabl  y . 

When  tlie  w’ater  content  V.'  is  O't,  tlie  ratio  of  the  relative  y ] 
to  Yi  counts,  i.e.,  Ny]/N’yi>  ‘Ttc  .5:1  for  globigerina  ooze; 
1:1  for  red  clay;  and  3:1  for  silicious  ooze. 

These  qualitative  results  are  very  encouraging  because  they 
imply  that  some  idea  of  the  type  of  sediment  being  encoun- 
tered on  the  seabed  can  be  obtained  from  this  relative 
count-i'ato  data  alone.  To  the  extent  that  such  relative; 
count-rate  delta  can  be  made  diagnostic  of  the  sediment  type, 
one  can  reduce  calibration  errors  that  would  certainly 
result  from  assuming  the  wrong  type  for  the  sediment  under 
examination . 

These  qualitative  diagnostic  characteristics  can  be  made 
more  specific  and  quantitative  by  actually  comparing  results 
obtained  with  various  mixtures. 

A Ca  1 ■ brat  ion  .Medium  and  Variou.s  Measurement  Medi  a 

Table  III  illustrates  tlie  results  that  would  be  obtained  if 
the  instrument  were  "cal ibratoa " in  crushed  igneous  rock 
(Tables  T and  II)  and  measurements  were  actually  made  in  red 
clay,  globigerina  ooze  or  silicious  ooze. 

There  arc  several  important  features  of  the  data.  First  as 
indicated  earlier  in  a qualitative  sense,  the  relative 
count-rates  are  diagnostic  of  the  type  of  material  in  which 
mear.urements  arc  being  made.  Note  in  particular  that  if  one 
"calibrates"  in  ignefiiis  roc)<  the  measurements  In  globigerina 
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T/Mil.E  III 

"cALimiATTor;"  in  icnKOur.  rock* 


w 

^ Vvttcr  By  KciqbV. 

P S , fi'V 
.V-oumod 

7ictuai 

A.S  Inijut 

ICy^-STTRl-Mil.T  K ''HM  j 

RitlD  av'.V* 

GLOBia7U:c. 

CXW!'* 

S'  MCiOUS 

oizi:* 

ps,  pw 
Ca]c’i!lalO(l 

pS , ('W 

CaJ  ai]  Ttcfl 

pt',  pV.’ 

Cnlcula>-'''d  | 

0 

1 .53 

.000 

Incrjjnp.'itible 

.661  .795 

5 

1.42 

.075 

Jnoo'ipatible 

.612  .812 

10 

1.31 

.145 

].36  .714 

Incoirpafibl:.- 

.565  .825 

20 

1 .11 

.277 

InocTipatible 

30 

.925 

.396 

1.35  0.25 

40 

.753 

.505 

.785  .487 

1.10  .20j. 

.327  .899 

K) 

.335 

.7SL 

.347  .773 

.488  .647 

90 

.104 

.932 

.107  .910 

. 151  . 891 

.14-5  .955 

100 

r 

I *See  Tc±.’.  :■  Ila  for  cx^r.'TO.'sition . 


for  iiomo  water  confi-ntu  r.inco  tlic 


oo^o  become  meanincjlcnn 
calcu]atJonn  of  pis  anci  pv;  lead  to  negat  ive  densities.  This 
occurs  v.’h(?ri  the  oo'/e  is  relatively  devoid  of  water  as  it 
would  1)0  in  the  deeper  layers  of  penetrated  sediment  . Thus, 
we  can  say  for  example;;  if  we  are  actually  measuring  in 
globigerina  ooze  (and  this  fact  is  uknown  to  us)  tiiat  the 
unknown  material  could  not  be  like  igneous  rock.  An  ex- 
amination of  the  table  .shows  liow  closely  the  values  for 
igneous  rock  compare  v;ith  those  of  red  clay.  Clearly  nc>ea- 
tive  calculated  densities  would  in  this  case  also  rule  out 
the  possibility  that  our  unknown  measurement  medium  was  red 
clay.  The  table  does  seem  to  indicate  that  the  unknown 
medium  could  be  silicions  ooze  since  no  negative  densities 
were  calculated. 

Note  however  that  os  the  probe  penetrated  the  deeper  layers 
of  this  ooze  and  the  free  water  %v:  approaches  0%  the  cal- 
culated pw  would  remain  large  in  silicious  ooze  contrary  to 
the  fact  th.at  it  should  bo  small  in  these  deeper  layers. 

In  a semi -quan titative  sense  we  can  also  say  that  the 
unknown  medium  under  investigation  is  not  silicious  ooze. 

In  this  way  one  would  arrive  at  the  conclusion  that  the 
unknown  measurement  medium  was  actually  close  to  globige^rina 
ooze . 

In  general  one  could  assume  various  input  values  for  the 
mass  attenuation  coefficients  ps  (pv;  knov;n)  and  discove. 
first  which  assumed  ps  valvies  led  to  meaningful  values  for 
ps  and  pw  for  any  depth  of  penetration  of  the  probe,  i.e., 
for  any  water  content  W.  By  "meaningful"  wc  mean  that  no 
water  density  exceeds  unity  pw  < pwo  and  no  soil  density  is 
great(>r  than  about  2.5gm  or  > p.so.  The.so  trial  and  error  p 
values  could  then  be  compared  with  those  characteristic  of 
one  of  the  three  sediment  type;;  and  a decision  as  to  which 


of  the  three  typos  of  materials  one  is  dc-alinq  with  could  be 
made.  Of  course  if  prior  knowledge  regarding  the  sediiuont 
ty})o  is  available  this  procedure  would  bo  unnocor.Siiry . 

Once  the  sediment  type  ha'i  been  proi'orly  characterized  the 
appropriate  u values  can  be  ijisertcd  and  values  for 
and  fiw  can  be  computed  from  the  observed  counts  for  yj  and 
j Y2-  the  chosen  p's  are  not  exactly  the  same  as  the  onv'S 

corresponding  to  the  measurement  medium  there  v;iJl,  of 
course,  be  errors  in  ps  and  pw,  but  as  has  been  iiidicatcd 
prcrviously,  these  errors  could  be  acceptable  in  a recon- 
naissance survey  where  relative  information  is  desired  and 
absolute  water  contc^nt  is  to  be  determined  only  at  a later 
time  after  a grab  sample  has  been  analyzed. 


CAL  I brcx'j’  j In-;  j;p.uoi  ;s 
AND  VARIOUS  SAMI'LTRG  i'CllLME 


A cane  can  be  made  that;  the  st'dintentr.  likely  ho  bo  encoun- 
tered will  fall  into  one  of  the  forogoinq  throe  groupings  or 
some'  otdicr  well  delin»'d  category.  For  this  reason,  the 
errors  in  ca.lculat.ed  ps  and  (^v;  values  that  wouid  re.suJ) 
would  be  d'.u-  primirily  to  variations  in  the  ch.rnnoal  coinp- 
ositJon  witliin  the*.?-',  groupings  -rather  trian  betweoii  these 
groupings.  These  remarks  need  to  be  justified  quantita- 
tively in  each  case  but  they  certainly  seem  to  be  justified 
for  pelagic  sediments. 

As  indicated  earlier,  our  literature  search  indicates  that 
both  globlgorina  oozes  and  si licious  ooses  are  relatively 
pure  chemical  substances.  Globigerina  ooze  is  essentially 
1001.  Ca  CO^  and  silicious  oozo  is  SiO^  t water  of  hydration. 
In  our  analyses  we  assume  'Vi  water  of  hydral  ion  for  sili- 
ciou.s  ooze  and  define  the  "dry"  sediment  (no  free  water)  to 
be-  93'6  Si02  and  I't  H^O  by  weight. 

If  tliere  v;ere  significant  differences  in  the  water  of  hy- 
dration for  silicious  oozes  from  place  to  place,  for  ex- 
ample, this  could  lead  to  errors.  Similarly  red  clay  has  a 
typical  water  of  hydration  close  to  7‘i  but  this  does  vary 
from  place  to  place  as  indicated  in  Tabic  IV.  Note  also 
from  Table  IV  that  the  chemical  composition  of  red  clays  is 
variable  depending  on  the  locale  of  the  sample. 

To  get  some  rough  idea  of  the  variations  that  might  bo  ex- 
pected v;ithin  the  red  clay  sediment  type,  consider  the  data 
in  Table  V.  Table  V lists  the  calculated  ps  and  pw  values 
that  would  be  obtained  where  red  clay  is  used  as  the  "cali- 
bration" medium  and  red  clay  C,  red  clay  R,  (Tabic  IV)  arc 
the  measurement  media.  Tlie  significance  of  lliesc  errors 
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TARLK  IV 

CUKMICA],  coMrosrriONG  of  Tiir<i;r;  red  clays 


TAl<I.i:  V 

RED  CLAY  COMRAIUEOD  DATA 
CAUnRATTOD  MEDIUM  AD  RED  CLAY* 


ps,  pw  Ujn/nr.  ) 


V.T  % Watt  r V,' 


I npnt_ 


.758  .505 

.335  .781 


*.SeP  T.!})’''  TIa  for  rrrivvx'ition. 


1 :wr  | 

R)-D 

CIAY  K* 

RIX)  QAY  r* 

Dim’-’i 

;cr; 

ps,  pV/ 

CtaUTu'.atrtl 

Cal  cul  atC''! 

kttl 

n,,y  R 

Rt.x] 

Clay  C 

1.15 

.284 

1.06  .369 

+.16, -.14 

+.25, -.24 

.607 

.585 

.611  .734 

*-.091, -.08 

+.15, -.229 

.295 

.817 

.270  .838 

*.01, -.04 

H . 0 / , - . 06 

.091 

.943 

.Ofit  .950 

+.01, -.01 

+.02, -.02 

'AiTBr-i 


will  be  made  clearer  when  the  nnalyaic  of  countincj  idatis- 
ticr>  errors  has  been  conii)letcd. 

The  equations  used  to  calculate  ps  and  pw  may  be  obtained  by 
takinq  the  loqoritlim  of  Kquation  21  and  solving  them  siniul- 
tanoously  for  ps  and  pw.  The  results  are 


where  the  so-colled 


a = 


b = 


c = 


d = 


1 n M Y 1 

- bln!3Y2 

’ InMyi 

- d 1 nN  y 2 

calibration"  cons 

tants 

are 

[pw^  . 

PS  2 - 

• 

y^x 

pw^ 

1 liw^  . 

- PS^ 

. pw^ 

ry 

PS2 

1 P w'^^. 

psi  -"ps^ 

. p w 

J X ■ 

PS^  - ps^ 

'T  pw'^ 

J'X  ’ 

(22) 


(23) 


The  relative  counts  Ny],  Ny?  are  calculated  in  the  measure- 
ment medium  using  the  p's  of  the  measurement  medium  and  in- 
puts ps,  pw  values  medium,  then  the  p's  characteristic  of 
the  calibration  medium  (which  is  different)  are  used  to 
recompute  ps,  p.;  using  the  previous  Ny  j , Ny  2 values.  Errors 
in  ps,  pw  are  termed  "calibration"  errors. 

^hcr _Cr iteria  for  Improving  Calibration 

As  indicated  previously,  the  yi  count  rate  data  is  diag- 
nostic of  the  type  of  material  in  which  measurements  are 


-<10- 


I 

i 


I 

1 

1 

I 

I 

I 

r 

r 


heiny  nadt*.  This  fcatvirc  allov/r.  one  Lo  reduce  "cal  llji  aLion" 
errors  by  obtaininy  an  improved  cntiiinate  of  Uie  true  mass 
attenuation  corfficieirs  present  at  t.lie  inensu’'enH.*nt  sit-'. 

The  data  can  be  analyiicd  yet  in  another  way  to  detcimine 
somethiny  about  the  type  of  rr'at'"’ria]  present  at  the  site. 

It  has  been  shown  tliat  the  particle  density  r>so  of  any 
sediniont  is  a function  o'"  the  measured  densities  ps  and  (W 
(J'yuation  6)  where  ps  and  pw  are  defined  in  Ikpiati  ns  3 and 
15  and  are  measured  in  gm/cm  . In  these  units,  the  particle 
density  of  tiie  sodimont  is 

(.CO  = r- — assuniinq  100?.  saturation 

' 1-pw 

This  particle  density  may  le  computed  from  the  computed 
values  for  ps  and  (w  obtained  from  the  Tf-counts. 

If  tlio  ()E,  p'7  values  ore  in  error,  say,  be.causo  of  "cuili- 
bration  errors"  then  an  incorrect  value  for  pso  will  result. 

becaiu.e  particle  densities  for  most  sediment,  types  would 

3 3 

fall  in  the  range  1 . 5gm/cm  to  2.5  gm/cm  with  most  ma- 
terials near  2.5gm/crri  , any  computed  particle  density  that 
was  significantly  different  from  2.5ym/cm  values  would  bo 
suspect  and  suggest  that  an  incorrect  choice  for  the  mass 
attenuation  coefficients  for  the  solid  sediment  component 
had  been  chosen. 

To  illustrate  this  co.nsider  the  data  in  Table  VI.  Here  mea- 
surements are  mule  in  media  that  are  different  from  tlie 
calibr.ition  media  so  that  calibration  errors  are  bound  to 
result.  As  a consequence  ps  and  pw  are  in  error  and  there- 
fore pso  is  in  error. 
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]-^or  f*Xiiinplo,  the  data  in  Table  VI  nhow  tliitt  if  the  device-  is 

calibrated  in  icjricoiis  rock  and  meaiuiromen Ls  are  made  in 

silicioun  oo?.e,  a calculated  particle  density  of  1.23gn/cin^ 

results  when  in  fact  the  actual  density  should  have  been  close 

3 

to  tiie  input  value  1.53  gm/cm'  . By  contrar.t  if  one  measures 

in  a red  clay  and  calibrates  in  a slightly  different  red 

clay,  the  Table  VTI  data  shows  that  a mucii  bettor  particle 

3 

density  estimate,  namely  1.6  gm/cm  results. 

Those  results  illustrate  first  ttio  fact  lliat  an  improper 
choice  for  the  mass  attenuation  coefficients  i s and  112S  can 
be  detected  by  noting  the  value  of  p . If  the  calculated 
P^^  falls  outside  the  expected  range  for  this  number  the 
chosen  vi  j s and  are  evidently  incorrect. 

This  fact  provides  yet  another  means  to  improve  the  ps  and 
pw  data  by  improving  the  data  for  ys^^  and  ys^.  In  the  fol- 
lowing section  it  is  pointed  out  what  benefits  would  accrue 
if  one  wore  to  take  a single  rougli  cample  of  the  sediment 
and  dcitermine  pso  without  knowledge  of  the  water  content  V. 

Value  of  a Rough  .Sample  in  Calibrating  the  Device 

If  the  conditions  of  measurement  are  such  that  a sample  of 
the  sediment  can  be  retrieved  at  a given  site  the  results 
can  bo  improved.  There  arc  several  different  ways  a sample 
could  be  used.  First,  as  indicated  the  particle  niciss  den- 
sity p^^  would  aid  in  choosing  the  correct  mass  attenuation 
coefficients  or  at  least  eliminating  incorrect  ones.  It  is 
likely  that  at  any  given  site  only  one  sample  would  be 
required  to  obtain  a p characteristic  of  the  entire  site 
for  moderate  depths  below  the  siirface. 

Give  n only  the  p^^  for  those  samples  the  observed  in-situ 
count  rate  data  at  different  water  contents  W would  place 
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TABLE  VI i 

CALIBRATE  IN  RED  CJ-AY 
MEAEURl^  IN  RI:D  CLAY  (R) 


w 

ps 

PW 

f)  = pS/(l-(.V.') 

10» 

1.1529 

.28-108 

] .6098 

40?, 

.66731 

.58546 

1 .6098 

90?. 

0.91238 

.94332 

1.6097 

I 


limits  in  the  mass  cittenuat  ion  coefficients  foi*  th"  sediment 
solids  ujS  nnd  jij.s. 

The  procednre  v.’ould  Ijc  to  choose  values  for  it  j s and  vj;.s 
that  were  close  to  those  suspected  for  the  Scample.  For 
example,  the  collected  samiple  could  be  examined  by  a know-- 
iedcjeable  observer  to  detco/minc  wiiether  it  was  similar  to 
one  of  the  throe  basic  geologic  sediment  ty]>es  (rod  clay, 
globigerina  ooze,  and  silicious  ooze)  or  if  the  scdimer.t  is 
of  some  other  type,  say  a terrigenous  material.  One  then 
guesses  the  best  value  for  pjS  and  iiyS. 

The  count  data  Iiyi,  Ny2  is  used  v.’itli  those  assumed  ir..'m  s 

attenuation  coefficients  to  compute  a ps  and  t vj  pair,  the 

density  p is  also  computed  from  F/.iuatiou  6 and  compared 
-'  so 

with  the  p obtained  directly  from  the  retr i v.'Vr  .1  samvlc  . 
so 

If  the.  measured  and  calculated  partial.'  densities  pso  arc 
different,  now  values  for  piS  and  must  be  dlscovcr.-d 

that  yield  the  known  pso. 

It  is  difficult  to  measure  pso  to  three  p'laces  by  con- 

ventional r eans  so  that  the  ps  and  p^s  values  that  are  con- 
sistent wxth  tlie  data  on  livi/  h’Ya  considerably  nar- 

rowed down  without  actually  measuring  them.  To  illustrate 
this  a computer  program  was  written  wiiich  starts  with  N i j , 
Ny2  ar.  1 the  operator  "guesses"  an  appropriate  value  for  ps^ 
and  ps., . The  program  then  holds  ps  con.stant  and  varie.s  ps., 
looking  for  a "best"  fit  to  the  known  = ps/l-rW  value. 

By  perform.ing  a series  of  sucli  guesses  one  can  often  ap- 
proach closely  the  proper  ps,  , ps.,  values  and  certainly 
eliminate  incorrect  p vlaues.  A procedure  of  this  type 
migJit  be  used  to  aid  in  the  determination  of  rougli  p values 
that  arc  to  be  used  in  a rapid  rcconnai ssanco  of  a site 
where  exact  (>r.  and  pw  values  arc  not  required. 


-4ri- 


Exact  Ca  ion  of.  Mars  /'.I  tcnu.it  ion  Cooff  ici  (Mil  r:  f.  j von 

ps-.Q 

Equation  21  can  be  solved  for  the  mass  attenualion  coeffi- 
cients and  ijs^  in  terras  of  the  densities  ps  and  pv;,  the 

results  are 


and 


II  s. 


(iiv.’jpwX  + log  Nyj) 
p sX 


y £3... 


(yvr^PwX  t log  N,^) 
p sX 


(24) 


where  Ny i and  Ny^  are  the  relative  counts. 


r^y  making  the  very  reasonable  assumption  that  the  particle 
density  t so  - ps/l-,w-  is  u.ichanged  w’it'n  varying  water  con- 
tent, and  noting  that  both  ps  and  pw  aie  expressible  in 
terms  of  pso  and  W the  water  content  weight  percent  ns 

ps  = pso(l  - v:)/[W(pso  - 1)  3 1] 

pw  = pso  W/[W(pso  - 1)  + 1] 


(25) 


where 


w 


Kw 

Mw  + Ms  ' 


W 


W ' 

Vv  +1 


one  can  compute  ps^  and  ps^  in  terms  of  water  content  W and 
th(j  known  p 

so 

If  both  W and  pso  are  known  from  a single  in-si  tu  sninj^le 
clearly  inSj  and  11S2  could  be  uniquely  determined.  Unfor- 
tunately W cannot  bo  known  without  an  in-situ  saniplo  and 
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Vi'  aio  pT'  pared  1:o  'unj  ;crt  that.  Ihir;  bv-  a rcquir or.-,  nt  of 

any  viable  technique.  Ilov/ever,  it  shou.ld  at  least  be  noted 
that  if  a sainj'le  were  propor3.y  taken  (retrieved)  with  its 
water  content  identical  to  the  in-s.i  tu  value,  this  single 
sample  at  a niven  measurement  site,  would  suffice  to  deter- 
mine botli  r-no  and  W and  these  values  v/ould  immediately  allov; 
us  to  compute  unique  values  for  ''•■2  provided  the 

sample  was  talo.-n  at  the  place  where  and  Ky2  v;cre  mea- 


Thus  by  taking  a single  intact  sampie  at  a given  M;e  one 
could  in  principle  accurately  doteimine  ps  and  pw  for  a w.iJc 
range  of  water  contents.  It  would  probably  not  be  necessary 
to  take  more  than  one  sample  at  any  given  .site.  This  ap- 
proach is  probably  impractical  and  will  not  be  pursued  fur- 
ther in  this  paper. 

IljG t p .r m i na  t i or.s  of  iis 

A possibly  more  practical  appr'oach  to  tliis  p.roblein  would  be 
to  force  the  probe  into  the  deeper  layers  of  the  sediment. 
Counts  taken  here,  may  under  ceitain  conditions,  be  char- 
acteristic of  a nearly  dry  sediment.  That  is,  the  sediment 
would  not  be  dispersed  so  that  the-  value  ps  would  approach 
the  so-called  "dry  density"  (see  one  earlier  discus.s:' on  of 
this  term).  If  this  assumption  is  a valid  one,  then  both  pw 
and  ps  v;ould  approach  a constant  value  in  these.  In  thi.s 
case  a single  retrieved  imple  taken  from  shallow  layers  of 
the  sediment  would  suffice  as  before  to  detormino  pso.  If 
one  v/ere  also  to  calculate  the  W ba.sed  on  the  observed 
porosity  of  the  packed  (mechanically  consolidated)  returned 
sample  wo  could  then  olitain  a good  estimate  of  the  likely 
valuer;  for  ps  and  pw  characteristic  of  tliose  deeper  layers. 
This  data  together  v’.i  tli  liquation  24  and  the  count  data  from 
the  dec'pi*>'  Iciyer  would  allow  us  to  calculate  vi3,  and  ps,, . 

1 A. 


It  if  imjjortant  to  strciii;  that  this  calculation  v/ould  in- 
volve recovering  only  o surface  gral)  sample  but  v;ould  re- 
quire some  estimate  of  tlie  deuri'c  of  comiinct  ion . 


VIS, 


-1  oq  Ny 1 
psoX 


and 


(26 


tis,, 

4^ 


-log  Nv2 
p soX 


It  is  also  possible  that  in  some  deeper  sediment  layers  the 
water  content  is  nill  in  which  case  the  u values  could  be 
simply  computed  from  Equation  26. 

Note  that  tlie  ratio  of  pr.^/lis^  ~ log  Nyi/loq  Ny2  under  these 
circumstances . 

In  Table  VIII  wo  list  known  values  for  vis^  and  compared 

with  values  calculated  from  Equation  26  above  for  a variety 
of  materials.  The  count  rate  data  for  varying  W was  in- 
setted into  these  oquatioiis  even  though  W is  not  zero . 
Clearly  as  the  water  content  approaches  zero  tlie  above 
estimate  improves.  For  the  three  materials;  Red  Clay, 
Globigerina  Ooze  and  Silicious  Ooze;  tor  W loss  than  abrniL 
.1%  the  tis^,  iis^  values  approach  the  correct  values. 

Grab  Cample  and  Calibration 

The  results  of  the  last  section  suggest  that  if  pso  and  VI 
were  known  that  "exact"  values  for  iis^  and  ys^  could  be 
computed.  The  apparent  difficulty  here  is  that  W must  bo 
known  at  the  place  the  measurement  is  made.  A simple'  way 
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TABLH  VJIl 


STANDARD  DEVIATIONS  OF  ps  AND  pw  IN  grn/c 
DDE  TO  CODNTINO  STATISTICS  I'DiROUS 
(INITIAL  COUNTS  IN  AIR  ASSURED  TO  13E  10^’) 


K E A" 

SURE  M i 

N 3'  M 

F.  1)  I U M 

\\":iQn'  ■!  uA'iER 

RID 

Cl  AY 

QjOeigerina  ooze 

SI  LI  Clous  OOZF. 

w 

as 

ow 

<1S 

rrw 

03 

ow 

10 

.0077 

.0084 

.0071 

.0076 

.0139 

.0143 

40 

.00% 

.0068 

.0045 

.0057 

.0119 

.0126 

70 

.0047 

.0061 

.0035 

.0049 

.0108 

.0116 

90 

.0013 

.0058 

.0031 

.0047 

.0103 

.011? 

I 


s 

t 
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to  avoid  til  is  difficulty  and  the  way  thal  will  finally  be 
chosen  is  to  collect  a surface  fjrab  sample  (or  retrieve  a 
single  in-situ  sample  when  the  probe  is  retrieved  and  dry 
this  sample.  Then  Vi  is  known  to  be  zero.  Since  pso  can 
also  be  measured  one  can  calculate  the  ' s exactly  from 
Equation  26. 

In  this  way  calibration  error.s  would  he  reduced  to  minimum 
as  summarized  earlier  in  this  report.  The  error  in  ps  and 
pw  would  then  reduce  to  those  due  to  counting  which  has  been 
shown  to  bo  very  small . 
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CONC1,US3  0NS 


Tiio  forei;ioincj  study  Ii.ui  demon;; Lra ted  tlie  bnsic  feasibil 
of  usincj  Y“1  techniques  to  iTn.'asuro  sediment  inoifjluro  c iit 

and  sodiir.ei:t  density.  The  principal  source  of  error  ii 
been  found  to  be  calibration  errors  v/i.th  couid  inq  and  oi.her 
sy.^tem  related  errors  beinq  reloyated  to  socondar;^  and 
tert iary  sign! ficance. 

Hceause  of  the  limited  compositional  content  especially  of 

qeoloqic  {deejj  water)  sediments,  thc'se  calibration  errors 

can  be  considerably  minimised.  Count  rate  data  using  ganuma 
241 

rays  for  !\jn  ' ' source  (.06MeV)  turn  out  to  be  diagnostic  of 
the  type  of  sediment  in  which  one  is  operating.  Further- 
more, gross  error."  due  to  calibration  in  Media  A c'lnd  mea- 
surement Medium  B,  wlscrc  A and  B arc  ver^  dissimilar,  can 
readily  be  detected  in  tlio  calculati  o.ns  since  those  errors 
lead  to  p.hyracally  iinpraci  ical  sediment  or  water  densities. 
Gross  errors  of  calibration  result  in  negative  densities  or 
densities  which  e.xceed  the  bounds  possible  for  tlie  materials 
commonly  encountered  on  the  seabed.  For  example,  if  the 
calculated  ps  exceeds  the  average  dry  density  of  typical 

3 

sediments  or  if  pw  is  greater  than  unity  (Igni/cm  ),  calibra- 
tion errors  arc  likely  causes. 

This  observation  means  that  tlie  mass  attenuation  coeffi- 
cients for  Llie  calibration  medium  should  be  chosen  so  as  to 
result  in  a calculated  narticlc  density 

pso  = ps/l-pw 

close  to  typical  values,  say  2,50  gm/cm^.  In  fact  the  y-y 
method  can  be  made  more  accurate  if  a single  .sample  is 
retricv'cd  and  its  particle  don.sity  pso  is  measured.  In  this 
case  the  data  ps,  pw  obtained  from  the  y“T  analysis  for 


(27) 
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given  assnrned  mass  attenuation  coof f i(;ientr.  ‘.everoly  re- 
strict the  values  tlicso  coefficients  may  assume.  If  a grab 
sample  is  recovered  and  analyzed  in  a y-y  measuring  chamber 
it  is  possible  to  compute  and  for  the  sediment 

exactly.  Once  these  ii  values  are  known  (i.o.,  the  device  is 
properly  calibrated),  values  for  ps,  pw  for  a wide  range  of 
water  contents  can  bc'  calculated. 

It  is  our  recorrunendation  tliat  further  study  of  tliir  process 
bc  undertaken.  That  is,  v;o  propose  to  study  in  detail  the 
development  of  a technique  that  would  require  a single  grab 
sample  to  bo  taken,  dried  and  its  ma-ss  attenuation  coeffi- 
cients measured. 

The  present  assessment  of  the  situation  is  that  if  we  are 
given  the  mass  attenuation  m.easurements  for  a grab  sam.plo, 
the  resultant  errors  in  ps  and  pw  v.’Lll  be  those  due  pri- 
marily to  counting. 

The  present  study  concerns  itself  with  water  contents  V.”  = 
pw/ps  X 100  ranging  from  15%  to  500%.  Using  mass  attenu- 
ation coefficients  characteristic  of  igneous  rocks  or  rod 

3 

clay  and  assuming  a particle  density  of  2.6  gm/cm  we  have 
input  values  ps,  pw  namely  at 

W = 15%  PS  = 1.87,  pw  = .28 

and 

W = 5001  ps  = .185,  pw  = .925 

Using  those  and  = 10^  counts/niinuto  initially 
one  can  calculate  the  expected  counts  for  the  yi 
from  these  one  can  calculate  standard  deviations 


(air  count) 
and  V 2 t 
for  ps  and 


(28) 


pw. 


Thf'  results  tire: 

at  V.’'  = 15^  o.s  .0183,  ovj  - .0174  ym/cm^ 

and 

at  W = 500 o OB  " .00450,  ow  = .00599 

Thus,  the  error  in  W due  to  count  rates  (assurned  to  be  the 
principal  error  since  calibration  error  is  removed)  is  qiven 
by 


AW 


0 (^) 

f>.B 


-.7 

()vV  [ 

p s 


Apt; 


The  maximum  error  in  W'  is  obtained  by  making  the  minus  sign 
in  AV.”  a plus  then 


AW  max 


V.' ' A p s ^ Apw 
pS  ps 


U.sing  os  and  ow  for  Aps  and  Apw  one  has  for 


W ' 

= 15%;  AW' 

max 

T . . 0 1 P 3 . . 

.15  (~^---y..)  + 

1 8 ;*  - ■“lo'’ 

K ' 

= 500%;  AW 

max 

5 (--‘^0:^56  ^ 

' .185  ’ 

,.00590  _ 

^'Vl8'5'^  - .lr.,6 

Thus,  the  measured  values  would  be 


W'  = 15%  .r  1.1% 
W'  = 500%  ^ 16% 


Data  from  the  y~y  probe  taken  ns  the  probe  is  forced  through 
deeper  layers  of  the  sediment  vrould  be  taken  digitally  in 
real-time  and  stored  via  magnetic  tape  or  computer  disc  and 
processed  initially  assuming  values  of  tlie  mass  attenuation 
coefficients  which  give  a good  fit  to  the  pso  calculation. 


(29) 


in  renl-t  ini“  to 


This  data  could  then  be  lined  iiumodiatuly 
compute  (is  cind  pw  tor  use  in  reconnaissance  i.e.,  comparing 
one  site  with  another  or  one  depth  v.'ith  anothei  . This  would 
give  the  investigator  an  immediate  real-time  estimate  of  ps, 
pw  and  the  changes  taking  place  in  these  variables  as  a 
funetinr,  of  location  or  depth.  l.ater  when  llie  sample  hat; 
been  examined  to  determine  the  more  nearly  correct  mass 
attenuation  coef  f ici  cnt.s , tlie  resultant  ps,  pw  can  bo  re- 
calculated. In  this  way  one  could  have  i imr.od i a te  access  to 
relative  information  regarding  ps  and  pw  and  at.  a later  time 
(probably  within  an  hour,  if  desired)  absolute  ;>r.,  pw 
values  could  become  available. 

Ke  fe*el  in  addition  that  it  will  be  necessary  during  the 
next  phase  of  the  study  to  determine  the'  exact  way  data 
would  be  collected,  transmitted  to  the  surface,  processed 
and  stored  or  displayed. 

The  next  phase  of  tlie  program  should  also  involve  some; 
simulated  experiini-ntal  set-ups  using  assem.bled  hardware  in 
known  mea.suron’,ent  media.  By  performing  tests  of  this  type 
it  will  be  possible  to  write  the  final  specifications  for  a 
y-y  system  for  marine  use. 
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LIST  OF  ABDULVTATIODS  AMD  SYMBOLS 

= Aii’oricium  IsoLopo  24  1 

- Cesium  Isotope  137 

- Dist;e;nce  Gpaeinq 
= Energy 

= Measured  Counts  for  the  Attenuated  r Rays 
= Available  Count  front  a Given  y Sou:  ce 
= Million  Electron  Volts 
= Weight  of  Solids  in  a Given  Soil  Mass 
-■  Weight  of  Water  in  a Given  Soil  Mass 
= GaniMa  Counts 

= Volu-^e  of  Soil  and  Water  (connideri ng  only  two 
phr.se  system) 

= Sediment  V^oluiiio 

= Volume  of  Water  in  the  I'or.v  Space 


Mw 

Ms  + Ms 


Mw 


Moisture  Content  Given  by  ---  X lOOi 

f'lU 

Given  Column  Height 
Atomic  Number 
Gamma 

Mass  Attenuat  ioi.  Coefficient  for  Gamma  Radiation 
Neutron  Attenuation  Coefficient  for  Water 
Neutron  Attenuation  Coefficient  for  Soil 


= Density  of  Soil  Given  by 
= Ma.ss  Density  of  Soil 


V 
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p = Moisture  Content  Given  by 

w V 

p = Mass  Density  of  VJnter 

wo 

as  = Standard  Deviation  in  Soil  Density 

ow  = Standard  Deviation  in  Water  Content 

- Combined  Variance 


Al>PL'Nt)rx  II 


LIST  OF  EOUATT.OKS 

F.qu;itir':i  “ 

F.qun  t ion 

P«~ige 

ps  = Mn/V 

1 

pv;  = Mw/V 

1 

2 

v;%  = (Mw/Mn)  100  7. 

G 

VJ  = + Ms))  100 

6 

3 

ps  = Ms/V 

7 

3 

pw  = Mw/V 

7 

4 

V = V 1 V 
s w 

7 

5 

ps  = Ms/ ( Ms /p so  + Mw/i'Wo) 

7 

C 

pso  = ps/ 0 -pw/pv;o) 

7 

7 

pm  X d = L’/'P  with  N = 1.28 

11 

8 

dl/d2  u 

13 

15 

W'  = (w/ps  X 100 

17 

20 

K 

ijs  = p sodiiiicnt  (K)  = ) (p  ) (E)  (W  ) 

C=1  ^ 

23 

21 

(I/I^)  VI  = 

N,i  23 

21 

(I/I^)  V2  = ^ 

M > 2 23 

22 

= n InN-j  ] - blnNy^ 

40 

22 

p = c InNv 1 - dlnK^v 
w 

40 

23 

a = pw^/ [ (pwj  ) (UK2)  - (pEj  ) (pw^)  ).X1 

4 0 

23 

b - wWj^/ 1 (uw^)  (PS2)  - (iis^)  (iiWj^)  )X] 

40 

23 

C = PS2/ 1 (PWp)  (pSj^)  - (US2)  (llWj^)  ) XI 

40 

23 

d = pSj/ [ (PW2)  (ps^)  - (iir.2)  (pWj  ) ) X] 

40 

24 

= -(pWjpwX  f log  Nvi)/{psX) 

46 

24 

PS2  = -(»iv/2pwX  + log  Ny2)/u'sX) 

46 
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Equ  tion 

Page 

2 5 

ps  = (.  so  (l“Vr/ / (W  ((  KG  - 1)  ^ 1] 

46 

25 

pw  = pso  W/[V.’(ir.o  “I)  +1] 

4 6 

20 

vis^  ' -loy  Ey]/(psoX) 

48 

26 

(is^  - -loy  IIro/{(  SoX) 

48 

27 

()SO  = I'S/l-pW 

52 
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